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SUritATdT 

Data on fuel-vapor loao from fuel tanks during eimulated flight 
obtained "by six laboratories were analysed to show the effects of 
individual variables such as altitude, initial fuel temperature, 
rate of climb, booster-pump agitation, fuel depth, fuel-surface 
area, types of fuel, and vent-line pressure drop on fuel-vapor loss. 
From this analysis, the following conclusions were reached: 

1. Fuel-vapor losses during flight were ap-oreciable (3 percent) 
for flights to altitudes as low os 20,000 feet with an initial fuel 
temj.er?ture of 120° 3*. For a flight consisting of a climb to a 
35,000-foot altitude ':ith thio altitude maintain-d for 8 hours and 
with the booster pump in operation; losses of 20 percent could be 
obtained with AIT-F-2G fuel at an initial temperature of 120° F. 

2. Host of the fuel-vapor loos occurred durirg the climb por- 
tion of the flight with relatively little Iocs daring the remainder 
of the flight at constant altitude when no booster pump was usod. 

3. The fuel-vaoor loss increased linearly with altitude beyond 
a critical altitude (the theoretical altitude at which fuel— vapor 
loss begins). 

h. The critical altitude increasod with decreased initial fuel 
temperature. 

5. The fuel-vapor loss increased linearly with an increase in 
fuel temperature above approximately 30° F. 

6. Booster-pump agitation markedly increased the fuel-vapor 
loss only during the constant- altitude portion of the flight. 
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7. Sate of climb to a given altitude had little or 110 effect 
on the fuel-vapor loss for rates "of climb from 500 to U000 feet 
per minute. 

8. Fuel depth had no effoct on fuel-vapor lose for depths 
varying from l/3 foot to 2 feet. The losses due to foaming, surging, 
or boiling-over were not investigated. 

9« Variations in fuel-surface area had little or no effoct on 
fuel-vapor loss for surface areas varying from O.O3U square foot 
to 2.7 square feet. 

10. Vent-line pressure differential increased, with increased 
rate of climb and, at a constant rate of climb, built up rapidly 
soon after the critical altitude had "been reached. When a constant 
rate of climb was maintained, the vent-lino pressure differential 
tended to level off. 

ISTBODUCCIOil 

The fuel-vapor loss from an aircraft fuel tank during flight 
is controlled "by flight variables and by fuel characteristics. Some 
of the basic concepts relating fuel characteristics to the problem 
of fuel-vapor loss have been investigated in connection with 
studies made on vapor-locking of fuel systems. The changes in fuel 
characteristics during flight, the effect of weathering, and the 
effect of air dissolved in the fuel on the vapor-locking tendencies 
cf the fuel, as well as a method of roducing fuel -vapor loss by 
cooling the fuel before flight, have besn discussed in several 
progress reports of the Coordinating Tie-search Council. The factors 
affecting fuel-renor loss discussed herein include eltitude, ini- 
tial fuel temperr.ture, rate of climb, booster- jump agitation, fuel 
depth, fuel-surface area, types of fuel, and vont-line pressure 
drop. 

Data covering the effoct of these variables on fuel- vapor loss 
were obtained in 19^3 and iflk by six laboratories - Booing Aircraft 
Company, Sash Engineering Conpany, Ohio State University Research 
Foundation, Fesco Products Company, Pratt & Whitney Aircraft, and 
Thompson Products, I nc. - for the Army Air Forces, Air Technical 
Servico Command, and the Navy Department, Bureau of Aeronautics. 
At the request of the Army Air Forces, these data voro analyzed 
at the HACA Cleveland laboratory during August and September of 
19^. 
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APPARATUS AND TEST PROCEDURE 

The apparatus used by each of the six" laboratories is listed 
in table I for comparison. In general, the apparatus consisted of 
a fuel tank subjected to altitude pressures by a vacuum pump, a 
means of measuring fuel loss during the test, and a means of con- 
trolling and measuring the fuel temperatures. The simulated- flight 
control usually consisted of a manually or automatically operated 
bleed valve in the line between the vacuum pump and the fuel tank 
for regulating the rate of climb and the altitude. The altitude 
pressure was measured by a manometer connected to tho outer end of 
the vent line, by a manometer connected to the inside of the fuel 
tank, or both. The amount of fuel-vapor loss was found by measuring 
the change in fuel weight of a fuel tank mounted on a balance, by 
measuring the change in fuel volume with a calibrated glass window 
in the tank, or by condensing the escaping fuel vapor and taking 
volume measurements of the condensate. 

A similar test procedure was followed by each of the six 
laboratories. The fuel was first heated to the desired initial 
fuel temperature and the fuel tank was then evacuated according to 
the desired flight path. Altitude-pressure and fuel- temperature 
readings were recorded at definite time intervals. A sample of 
the fuel was taken at the beginning and at the end of each test in 
order to measure Reid vapor pressures and to obtain A.S.T.M. distil- 
lation curves. The procedure followed and the simulated flights 
conducted by each of the laboratories are presented in table II. 



EVALUATION OF TEST PROCEDURE 

General Sources of Error 

In order to evaluate properly the data presented, the several 
possible sources of error in the test procedure and the differences 
between the conditions that may occur during actual flight and 
those that may occir during simulated flight should be considered. 
These sources of error common to most of the test installations 
used to obtain the data in the six laboratories are discussed in the 
following paragraphs, not necessarily in the order of their relative 
importance because that order is not knowi. 

1. Air leaks through the seams, the welds, and the fittings of 
the fuel tank are the most serious possible sources of error. A 
relatively small air leak near the bottom of the fuel tank would 
produce appreciable losses at the higher simulated altitudes and 
the losses would increase as the duration of the flight increased. 
In all tests, exceit those conducted by Nash, atmospheric pressure 
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was on the outside of the fuel tank and altitude pressure was on 

the inside. In most cases it was rather difficult, if not impossible, 

to be certain that no leaks were present. 

2. In none cf the tests, except those conducted by Nash and by- 
Boeing (test setup No. 2), was any attempt made to control the tem- 
perature cf the air surrounding the fuel tank. Although in all 
cases the fuel tank was insulated to some extent, any heat transfer 
from the fuel to the outside air would affect the test results. 

In the tests conducted by Nash, the 3urrounding-air temperature 
was maintained at 70° Fj whereas, during the tests conducted by 
Boeing, the surrounding-air temperature was maintained equal to the 
fuel temperature. 

3. In all of the te3ts except those conducted by Ohio State, 
the fuel temperature was measured at a single point in the luel 
tank. In tests conducted with small quantities of fuel, such as 
those performed by Boeing on the preliminary test setup and on test 
setup Ho. 2 where 2 liters of fuel were used, it is entirely possible 
that the average fuel temperature was measured. YJith the larger 
quantities of fuel (5 to 30 gal) used by the other laboratories, it 

is highly improbable that tne average temperature of tne fuel through- 
out the tank at the start of the test could be measured at a single 
point unless the fuel was agitated for a long period of tire. In 
the tests conducted by Ohio St^te, th* thermocouples were located 
6, 12, 18, 2lx, and 30 inches from the bottom of the tank. Thus an 
accurate check on the fuel temperature throughout the full depth of 
the tank was possible. 

U. The effect on fuel-vapor loss of the amount of air dissolved 
in the gasoline was nr>t investigated by any of the laboratories. 
This variable may have introduced 3ome error in the reported test 
results but its magnitude cannot be estimated because- the :ef feet of 
dissolved air on fuel-vapor loss is not known. 

5. Airplane altitude is usually considered to be the pressure 
altitude outside the airplane, which is the same as the pressure 
altitude outside the fuel-tank vent lino. In the simulated flights 
conducted by most of the laboratories, the pressure altitude at the 
eni of the vent line was controlled. In the tosts conducted by 
Boeinf; and by Pratt & Vnitney, however, the measured altitude was 
the pressure altitude existing within the fuel tank and therefore 
should differ from that measured by the other laboratories by the 
difference between the pressure within the fuel tank and the pres- 
sure at the end of the vent line. 
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Individual Sources of Error 

The Individual sources of orror and the differences botwoen 
actual-flight conditions and .simulated-flight conditions for the 
test procedures of each of the six laboratories are as follows: 

Boeing Aircraft Company. - Three test installations, referred 
to as "preliminary setup," "test setup Ho. 1," and "test setup 
No. 2," were used In the test conducted hy Boeing. de test 
results obtainod with tost sotup Ho. 2 wore oonsiderod by Boeing 
to be the most reliable and the greatest emphasis was placod on 
theso results. 

In the fuel-tempering process in the preliminary setup and 
sotup No. 2, the fuel was electrically hoated. During this heating 
process, localized boiling might possibly have taken place and 
caused some fuel loss or weathering prior to the simulated flight. 
The Boeing report doee not state whether the system was closed to 
the atinosphoro during the tempering process nor whether attempts 
were made to measure any fuel loss occurring during this process. 

The Boeing roport does not stp.tr whethor the weighing scale 
usod in the preliminary setup and sotup Ho. 2 was calibrated. With 
the vent and the manometer line connected directly to tho flaBk, 
an incorrect weight measurement could possibly have been obtained* 

Hash Engineering Compan y. - In the tosts conducted by Hash, 
the fuel was brought to the desired tomporaturo by circulating it 
through an a" tcrnal heat exchanger by a booster pump. The Hash 
report doos not stato whother the vent to the atmosphere was closed 
during this tomporing process or whothor an attempt was made to 
measuvo the loss, if any, during this period. 

All fuel measurement n woro mado on a volume basiB and had to 
be corrected to present tho data in terms of weight loss of fuel. 
Involved in tho conversion are compensations for the tomporature 
and for the specific gravity of tho remaining fuel. The method used 
of determining tho variation of specific gravity with laercontage 
loss is not a tat ad. 

Ho fuel— loss measurements were made during tho climb period. 
Tho fuel loss was calculated only at 10 mlnutos after the end of 
the climb and at the end of the test, although data were taken at 
definite time intorvals throughout tho constant-altitude portion 
of tho simulated flight. 

Ohio Stato University Sosoarch Foundation . - The data prcsonted 
by Ohio State show that the Sold vapor pressure of tho gasolino 
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moasurod "before the start of the teats varied from 5*3- to 6.^2 
pounds per square inch. JPigure l t obtained from tost cU?.ta, shows 
that a variation of initial Held vapor pressuro between these limits 
may cause a variation of as much as SI percent in tho fuel-vapor loss. 
(The initial Bold vapor pressure of tost No. 2-120-B1 was 2. OS pounds 
por square inch. Inasmuch as this initial Held vapor pressure was 
lower than the final Sold vapor pressuro of this particular test, 
it was considered to ho a typographical error.) 

Tho Held vapor pressuro of the fuel at tho start of the tests 
docroaBed with an increase in the initial fuel temperature. This 
docrease indicates that the fuel may have been weathered during the 
heating procoss. In some cases the gasolino was stirred in the 
fuol tank to equalize the fuel to'operature within tho tank but the 
method of stirring tho gasolino is not Btatcd. Stirring of the 
gasoline may woathor tho fuel and affoct the fuol- vapor loss, 
especially if the tank is vented to the outsido atmosphoro during 
this process. 

Posco Products Ooiroany . - Very little inf ormr\tion iB prosentod 
in tho Pesco ropcrt about the test procedure ur.od. Fron tho in- 
formation obtained during a tolephono conversation with Mr. P.. B. 
Wallace, project engineer for theso teats, it was concluded that 
somo of the possible nourcos of orror are ae follows: 

1. Tho ecalo usod during tho tests was not calibratod. With 
tho vont, the manometer, tho thermocouple, £-jkL tho booBter-pump lines 
connected diroctly to tho fuol tank, it is possiblo that an incorroct 
vroight measurement could have been obtainod. 

2. The fuel wt>8 heated by circulating it through tho coils of 
an oil bath nal-itainod at a tcnyoraturo of approximately 150° F. 
Some localizod boiling of tho fuel may have occurred in the oil 
bath becauso the initial boiling point of the fuol is below 150° T 
(normally between 100° T and 120° !). 

3. Somo of tho vapor formed during tho temporing procoss by 
localizod fuol boiling and agitation may have oscapod through tho 
vont lino inasmuch as it was open during thiB period. Tho Pc3co 
report does not state whethor any measurements of possible fuol loss 
during tils period were made. No chock on this possible loss can 
be made bocauso tho initial fuol sample was removed before tho fuel- 
tempering procoss. 

h. Tho fuel temperature was measured by a single thermocouple 
located approximately 1-=,- inches from the bottom contcr of tho tank, 
which may not havo measured the truo avorago fuol tomporaturo within 
tho tank. 
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Pratt & Whitney Aircraft . - The fuol was hoatod to the do aired, 
initial temperature "by steam coils* Inasmuch aa tho temperature of 
stoam at or above atmospheric pressure -is -woll above the -initial 
■boiling point of AS-l"-2g , grade 130 fuol, localiaod "boiling around 
-the heating coils could have occurred with possible reaultant fuol 
loas boforo tho beginning of the actual teat. 

Tho condensed-vapor method used for moasuroing tho fuel-vapor 
Iosb is subjoct to some error. Unpublished data obtained at the 
MACA Cleveland laboratory indicate that fuel rocovery by condensation 
(at extremely low temperatures) after vaporization seldom yields 
complete recovery. Botwoen tho time tho fuol waB lost and tho time 
it was recovered, a time lag existod that wp.b not accounted for in 
tho data presented. 

During .the fuol-tompcring process, the fuol was held at tho 
desired initial temperature for 15 minutoe before tho start of 
simulated flight. The fuol boo at or pump was oporatod during this 
time for hotter temperature equalization. The Pratt & Whitney 
report doos not state vhethor any fuel loos occurred during this 
period of fuol conditioning or whether any attempt was mado to 
measure such loss. 

All measurements wero mado on a volume bails and woro corrocted 
to present tho data in weight loss of fuol. Involvod in tho con- 
version aro compensations for tho temperature and for tho specific 
gravity of tho rocovorod fuol. Tho variation of specific gravity 
with volumo porcontago loss was dotor.iiinod by mcaBuring the spocific 
gravity 6f tho fuol distillod, using an A.S.T.H. distillation 
apparatus. The valuo of tho results of this procedure is doubtful 
bcoauso tho -process of boiling tho fuol to produce tho vapors in 
an A.S.T.M. distillation apparatus may bo vaatly difforont from the 
process of loss through the decreased pressure of simulated flight. 
No ovidonoe is presentod to substantiate tho supposition that tho 
two proceBsos produce identical fuol losses of identical composition. 

Throughout tho Pratt 4 Whitney report all curves aro pro a en tod 
without tho oxporimontal-data points, although it wf,s statod that 
readings wore talcen every 2 minutes during tho teat. The presonce 
of data points would permit a more comprehensive analysis of the 
data. Some variation botween tests 1b indicated, especially in ono 
case, where, bcoauso the rates of clii-ib in all tests wero the samo, 
the losses during the climb period for tho throe tests should agree 
but do not. For example, tho fuol loss of tor a climb to 35,000 feot 
Is 2.15 percent in ono test and 3*2 porcont in another (a possible 
difference of approximately hp, percent). 
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Thompson. Products. Inc . - The data presented "by Thompson Products 
show that the Held vapor pressure of the gasoline measured "before 
the start of the test varied from 6.1 to 0.7 pounds per square 
inch. Figure 1 shows that a variation of initial Held vapor pres- 
sure between these limits may cause a variation of as much as 
k.2 percent in the fuel-vapor loss. 

Probably the most serious source of error in this series of 
tests is the variation of the temperature of the air surrounding 
the fuel tank (from 1+2° 3 1 to 79° V). The temperature of the air 
surrounding the fuel tank was consistently lower during the agitated 
run? than during the unagltated runs. 



RESULTS AND DISCUSSION 

Although the apparatus and the- test procedure used by each of 
the laboratories varied somewhat, the results obtained can be com- 
pared on the basis of the several variables Btudied. As many as 
possible of the data presented were used, although in some cases 
only one or two laboratories obtained data for a particular variable. 
The results obtained by the six laboratories were compared on the 
basis of the effects of the individual variables such as altitude, 
initial fuel temperature, rate of climb, fuel agitiation by means of 
a booster pump, fuel depth, fuel-surface area, types of fuel, and 
vent-line prensure drop on the fuel-vapor Iobb during simulated 
flight. When a comparison was made of the results obtained by each 
of the six laboratories for a particular variable, an attempt was 
made to compare them with the other conditions held constant. 



Simulated-Plight Time 

All the laboratories usually measured the fuel-vapor loss 
during simulated flight as a function of simulated- flight time. 
(See fig. 2.) The curves of fuel-vapor Iobb plotted as a function 
of oimulated-flifiit time have the sojie general form and show that 
the greater part of the fuel-vapor loss took place during the climb 
period, with relatively little loss during the remainder of the 
flight at constant altitude. It is believed that the rapid fuel 
boiling caused by the decrease in pressure above the fuel during 
the climb period ends shortly after the start of the constant- 
altitude portion of the simulated flight. The loss occurring 
thereafter could be due to normal evaporation into the surrounding 
atmosphere at the new altitude. 
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Altitude 

The effect' of altitude oh fuel-vapor lose is shown in figure 3» 
in vhich the fuel loss during the climb period haB been plotted as 
a function of altitude with initial fuel temperatures of 6C° V SO 0 , 
90°, 100°, 110°, and 120° T. A representative average has been 
drawn for each temperature and these curves are presented in fig- 
uro h. In these curves the data obtained by Pasco varied so greatly 
from the average of the data obtained by the other laboratories that 
they were disregarded when the average curvo was drawn. In figure h 
the curves for the various initial fuel temperatures follow the same 
general trend. Each curve shows a negligible lose up to an approx- 
-imate critioal altitude (the theoretical altitude at which fuel-vapor 
loss begins) from which point the fuel-vapor loss increases linearly 
with increased altitude. She small transition section preceding the 
linear portion of the curve may 'be caused by the presence of air 
eithor in solution within the fuel or above the fuel, which, upon 
being removed, carries with it some fuel vapor. The fact that the 
variation of fuel-vapor loss with eltitude 1b a linear function is 
amply brought out in figure 5t In which data are plotted from a 
test conducted by Boeing to an altitude of 55tCOO feot. 

Inasmuch as the slopes of tha linear portions of the curves of 
figures k and 5 aro vory nearly oqual, the following oquation basod 
on the avorage slopes of these curves, noglncting the transition 
section where the loss is BmcJ.1, cwi oe derived to approximate the 
variation of fuol-vapor loss with altitude during a climb: 

Z - Zc 

L = -f- (1) 

1.S6 

whore 

L fuel-*vapor loss, porcent 

Z altitudo, in 1000 foet 

Z c critical altitude, in 1000 feet 



Initial Fuel Temperature 

The marked effect that initial fuel temperature has on fuel- 
vapor Iobs is shown in figure 4. Because the vapor prenBure of the 
fuel increases with temperature, the critical altitude decreases 
with increased fuel temperature The critical altitude can be 
obtained by extending the linear portion of the curve of fuel-vapor 
loss plotted against altitude to the point of zero loaa. The 
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critical altitudes thus obtained from figures Jj. .and 5> are plotted 
as a function of temperature in figure 6. This figure indicates 
that a linear relation exists between the initial fuel temperature 
and the critical altitude. This relation for the fuels used in 
these tests may be expressed by the equation 

Z c - 59.U - 0.37 T (2) 

where T is the initial fuel temperature in °F. 

Equation (2) may be combined with equation (1) to give a 
possible general equation for the fuels used in these tests relating 
the fuel-vapor loss during a clirb to altitude with initial fuel 
temperatures between 60° Find 120° F: 

It may be necessary to obtain- additional data to establish completely 
equation (3) for future use. 

The fuel-vapor loss at several periods .hiring the test (10 min, 
1 hr, and 8 hr after the end of the climb period) is plotted in fig- 
ure 7, which shows that fuel-vapor loss tends to vary linearly with 
initial fuel temperatures above approximately 80° F after the end 
of the climb period as well as during the climb period. 



Rate of Climb 

The effect of rate of climb to a given altitude on fuel-vapor 
loss is shewn in figure 8. Although all the data presented were 
obtained by Boeing, the results indicate that the rate of climb to 
a given altitude had little or no effect on fuel-vapor loss with 
rates of climb varying from 500 to 2000 feet per minute. The -Nash 
tests also indicated that no appreciable change in fuel-vapor loss 
ocourred with a change in the rate of climb from 2000 to J+000 feet 
per minute. The data obtained by Boeing cannot be directly compared 
with those obtained by the other laboratories because the Boeing 
tests were conducted with an initial fuel temperature of 110° F, 
whereas the tests of the other laboratories were conducted with 
initial fuel temperatures of 120° F and 100° F. The two average 
fuel-vapor curves from figure U at initial fuel temperatures of 
120 F and 100° F with rates of climb of ^000 feet per minute are 
also shown in figure 8. The curves obtained by Boeing fall very 
nearly midway between the other two curves with almost the same 
characteristics and slope, Wiich seems to indicate that rate of 
climb has little or no effect on fuel-vapor loss, even up to a rate 
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of climb of '4.OOO feet per minute. Increased rates of climb above 
I4.OOO feet per minute may cause increased fuel loss if surging and 
" "foaming are "en countered. - ■ ■ ■ * - 

Booster-Pump Agitation 

A series of curves showing fuel-vapor loss as a function of 
initial fuel temperature (fig. 9) similar to the series showing the 
effect of initial fuel temperature on fuel-vapor loss was obtained 
with the fuel agitated and circulated by a booster pump. This 
series of curves and the series obtained with the fuel unagitated 
are replotted in figure 10 for comparison. This figure indicates 
that the fuel-vapor loss both with and without agitation tends to 
be nearly equal at the end of the climb period. Figure 10 also 
indicates that, as the flight progresses at constant altitude, the 
loss with agitated fuel be cone a increasingly: greater'-than-that .with 
the unagitated fuel. During the climb period, the high rate of 
fuel loss resulting from the boiling of the fuel is accompanied by 
considerable agitation of the fuel. The action of the booster pump 
adds little to the agitation already present or to the fuel loss 
during the relatively short climb period. During the relatively 
long quiescent constant-altitude portion of the simulated flight, 
however, the additional Loss due to booster-pump agitation is 
readily evident. 



Fuel Deptli 

Data obtained by three laboratories (Ohio State, Thompson, and 
Nash) on the effect of fuul depth on fuel-vapor loss at 10 Biinutss 
after the end of the cl:Lrt> to ^5*000 feet with an initial fuel tem- 
perature of 120° F are presented in figure 11. This figure indicates 
that fuel depth has no effect on the fuel-vapor loss fbr fuel depths 
varying from l/j foot to 2 feet. The lo:;Bes due to surging, foaming, 
or boiling-over when the fuel tank is filled close to capacity were 
not investigated. 



Fuel-Surface Area 

Nash, the only laboratory reporting tests on the effect of 
fuel-surface area on fuel-vapor loss, conducted similar te3ts with 
two fuel tanks, one having a fuel-surface area of 1 square foot and 
the other a fuel-surface area of 2.7 square feet. Hash reports an 
average fuel-vapor loss of 16.7 percent (average of four tests) 
during a simulated flight with the smaller tank and 16.37 percent 
(average of three tests) with the larger tank for the same simulated 
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flight. EieBO results eoem to indicate that the -variation of sur- 
face area has a negligible effect on fuel-vapor loss. 

Table I indicates that four of tho other lahoratories conducted 
tests in which the fuel-surface aroas vrero nearly equal (approxi- 
mately 2.7 sq ft); whereas Boeing (with tost setup No. 2) conducted 
tests in which the fuel— surface aroa was extremely small (approxi- 
mately 0.03^ sq. ft). Tho fuol-vapor-loss corrlcation obtained among 
tho six laboratories in figuros 3> 7i and 10 indioatos that tho 
surfaco area of tho fuel has little, if any, effect on fuel-vapor 
loss. Insufficient data aro prosontod for a moro comprehensive 
analysis. 

Types of Jucl 

Sovoral fuels woro used by tho various laboratories in the tests 
conductod to determine the fuel-vapor loss during simulated flight. 
Booing and Pratt & Whitney (and, although not stated, probably 
Thompson and Ohio State) usod AN-F-2S fuel; Posco used S7-octane and 
65-octano fuel; end Nash usod AN-W-P-776, Amcndmont-3 fuol and 
Al T -VT-I , -7gl, Araendmont-5 fuol. (See table I.) 

As ir-dicatod in figure 2, the fuels usod by Nash resultod in a 
slightly lowor fuol-Tajor loae than thoso uood by Ohio State and 
Thompson, The loss under tho same conditions for Pcsco is not 
plotted in this curve because it was so lar^o as to preclude the 
possibility of any cause except air loa'cago. (Loss at tho ond of 
tho Fesco tost for the same conditions as thoso shown in fig. 2 was 
38. !l - percent.) In figure 7 tho fuel-vapor lossos at sovoral initial 
fuol temperatures for oach of tho laboratories, oxcopt Booing, aro 
compared and show iio gonoral trend. Insufficient cvidonco is 
proaontcd for a comprohonsivc analysis. 



Prossuro Drop in tho Vont Line 

Tho prossuro drop in tho fuol-tank vent linos is important 
becauso a prossuro differential less than a specified maximum must 
bo maintainod across tho wall of tho fuel tank during flight to 
assure tho solf-soaling properties of tho fuel tank whon it is 
penotratod hy gun fire. 

Data obtained by throe laboratories (ilash, Thompson, and Booing) 
on tho prossuro drop in vent linoo during simulated-flight testB 
undor sevoral flight conditions aro prosontod in figures 12 and 13. 
Because of tho variations in Bizo and configuration of tho vont linos 
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UBed In tho various toots, the results obtained from thoeo labora- 
tories cannot "be comparod; the rooults obtainod by oaoh laboratory, 
howo'vor, Will ho discussed- individually - - „ . . 

Hash Bng inoapin p Company . - Tho vont lino consisted of 10 feot 
of 1-inoh-outsido-diamotor vent pipe and was wound in a large loop 
around tho fuel tank within tho altitudo chamber. Die pressure drop 
in the vont lino was moasurod by a difforontial manomotor connected 
botweon the inside of tho fuol tank and a point near the end of the 
vont lino. 

The variation in vont-linc proBsuro dif forontials during simu- 
lated flight for sovoral initial fuol tomporaturos (shown in 
fig. 12(a)) is similar, with tho initial prossuro difforontial 
occurring at tho initial point of appreciable fuol-vapor loss 
(probably closo to tho critical altitudo). The proBouro differen- 
tial tends to reach a maximum within a relatively short tine and 
then lcvols off for tho remainder of tho climb poriod. Tho lovoling- 
off can be oxocctod bneauso the rate of fuol-vapor loss with alti- 
tude is constant during this poriod of tho simulated flight and tho 
prcssuro difforontial through tho vont lino is a function of tho 
voight rate of flow through it. 

Thompson Products. Inc . - Tho vent lino used in tho tosts 
cor.ductod by Thompson consisted of 10 foot of 1-inch-outsido-diamotor 
tubing containing throe 90° bonds and mado up of sovon sections in 
all, each conr.cctod by floxiblo couplings. The proBBuro drop in tho 
vont lino was recorded as the iliff oronco botwoon tho proBsuro in 
tho fuol tank and that in t".:o "altitude tank." Tho curvoa of proc- 
suro drop as a function of altitudo (fig. 12(b)) aro of tho same 
gcnoral shapo and start at approximately the samo altitudo as those 
Bhown in tho Nash roport (fig. 12(a)). The rapid incroase in pres- 
sure drop ovor the prossuro drop rqportod by Nash is possibly due 
to tho incroasod resistance offorod by the bonds and couplings in 
tho vont lino. 

Boeing Aircraft Company . - Tho curvoa prooontod in figuro 13 
wore plotted from data obtained on tost setup i"o. 1, in which tho 
vont-^proBauro drop during simulated flight at sovoral rates of climb 
was plotted as a function of altitudo. Tho company report does not 
state how tho presauro drop in tho vont lino was measured. It is 
thoroforo asaumod that tho prossuro drop was moasurod as tho diffor- 
onco betwoon tho prossuro in tho vacuum tank and that in tho Erlon- 
meycr flask. Iron an inspection of tho photograph of tho tost in- 
stallation, tho vont lino appoars to be about 3 foot long and to 
contain a 3/S-inch orifice connoctod by sections of 1-inch oolf- 
soaling hoso to a gate valvo mounted on tho altitudo tank. Tho 
curves show that tho prossuro drop in tho vont tubo at a givon 
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altitude incrcaaeB with an increase in rate of climb. This condition 
is to "bo oxpoctod bocauso the rate of fuel-vapor loaa incroases with 
incroasod rate of climb and the pressure differential across the 
vent line is a function of the weight rate of flow through the vent 
lino. The drop in pressure differential with increase in altitudo 
before tho end of the climb period, however, was probably due to 
the fact that a constant rate of climb of 2000 and 4000 feet por 
minute could not be maintainod. 

General t r ends . - On tho basis of the data prosonted from tho 
Nash, Boeing", and Thompson laboratories, several general trends can 
bo notod. Tho vor.t-lino prossure dif f orcntial: (l) incroasos with 
incroaaed rate of climb; and (2) increases rapidly with increased 
altitudo at the point at which appreciable fuel-vapor loss occurs 
and has a tendency to level off if a constant rato of climb is 
maintainod. 



COFCLUSIONS 

On the baais of a comparison of the data presented by six 
laboratories on tho fuol-vapor loss from fuel tanks during simulated 
flight, tho following conclusions have boon reached: 

1. Fuel-vapor Iosbos during flight wore npprociablo (3 porcont) 
for flights to altitudes as low as 20,000 foot with an initial fuol 
tomperaturc of 120° P. Tor a flight consisting of a climb to a 
35,000-foot altitude with this altitudo maintained for 8 hours and 
with the booster pump in oporation, Iobgop of 20 porcont could be 
obtained with fuol at an initial toraperature of 120° T. 

2. Most of the fuel- vapor loss occurred during the climb 
portion of tho flight with rolativoly little loss during tho remain- 
der of tho flight at constant altitudo when no boo star pump was uaed. 

3. Tho fuol-vapor loss incroased linoarly with altitudo beyond 
a critical altitudo. 

h. The critical altitude increased with decreased initial fuel 
temperature. 

5- The fuol-vapor loss incroasrd linoarly with an incroaso 
in fuel tomporaturo above approximately 80° P. 

6. Booator-pump agitation markedly increased the fuel-vapor 
loss during tho constant-altitude portion of tho flight only. 
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7. Bato of climb to a givon altitude had little or no offoct 
on tho fuel-vapor lose for rates of climb from 500 to UOOO foot 
pdr'minutd. ...... .... 

3. luol dopth had no offoct on fuol-vapor loss for depths 
varying from 1/3 foot to 2 foot. Tho Iobbob duo to foaming, surging, 
or boiling-over wore not investigated. 

y. Variations in fuol- surface area had. little or no offoct on 
fuol-vapor loss for surfaco areas varying from O.O34 squaro foot to 
2.7 squaro feet. 

10. Vont-lino prosouro difforontial incroaaod with incroaeod 
rate of climb and, at a constant rato of climb, built up rapidly 
soon aftor the critical altitude had boon rooched. When a constant 
rate of climb was maintained, tho vent-lino pressure difforontial 
tended to lovel off. 



Aircraft Hn^ino Itosoarch Libnratory, 

Rational Advisory Commit too for Aeronautics, 
Cleveland, Ohio, December 19, 19^. 



TABLE I - APPARATUS USED III FUEL- VAPOR- LOSS TESTS NATIONAL ADVISORY 

COMMITTEE FOR AERONAUTICS 





Boeing Aircraft Company 


Naah Engineering 


Ohio State 
University 


Peaco Produots 


Pratt * Whitney 
Aircraft 


Thompson Products, 
iSii 


Full > 


AN-F-2B, grade 100/150 


AN-W-F-T76, Amend- 
ment 3, grade 91 
AN-W-F-781, Amend- 
ment 5, srade 100 


Not stated 


87 ootane 
65 octane 


AN-F-28, grade 130 


Mot stated 


Fuel-tank eotup: 


Preliminary 
aetup 


Test setup 

No. 1 


Test setup 
No. 2 












Shape and Material 

Dimensions or 
capaolty 

Insulation 
Vant Una 

Mathod of agitation 


Erlenmeyer 
flask 

3 liters 
None 

48 In. of 
O.lg-ln. I.D. 
glaaa tube 

None 


Glass 

cylinder 

10 gal 
None 

1-ln. I.D. 
Naoprana hose 
with 3/8-ln. 
orifice 
assembly 

None 


Erlenmeyer 
flask 

2 liters 

Lagged with 
aebestos 

Neoprene 
tubing 


Cylindrical steel 
tank 

ls|-ln. I.D,, 36 in. 
long and 22^-in. 
I.D., 24 In. long 

Insulated with VS-in. 
sponge rubber 

10 ft of 1-ln. O.D. 
tubl ng 

Naah booster pump 


Cylindrical steel 
tank 

By approximation 
22j-in. I.D., 
3fl in. long 
Insulated with 
3/8-in. thlckneas 
of rubber 

10 ft of 1-ln. 
aluminum tubing 

Peaco booster 
pump 


Cylindrical steel 
tank 

2 ft in diameter, 

3 ft high 

Insulated with 
lj-in. thickness 
of "Asbeatocal" 

10 ft of 1-in. 
O.C., 0.049-ln. 
wall dural tubing 

Pesoo booster pump 


Cylindrical steel 
tank 

Appears to be 
55-gal drum 

Well insulated 

Tkpeipeon booster 
pump 


Cylindrical steel 
tank 

l»|-ln. I.D., 3o| in. 
long 

Completely insulated 
with 3/8-ln. .thlck- 
neas of oellular 
rubber 

10 ft of 1-ln. I.D. 
tubing ■ 

Thompson booster pump 


Hathod of simulating 

flight: 

Vacuum pump 
Pump control 


Vacuum pump 
Hand valve 


Vacuum pump 
Hand valve 


Vacuum pump 
Hand valve 


Fuel tank placed In 
altitude chamber 

Altltudp controlled 
automat-cully 


Stoom-Jet 
ejectore 

Hand val ve 


Vacuum pump 
Hand valve 


Suction side of 
compressor 

Hand valves 


Vacuum pump 
Hand valve 


Mathod of measuring 
altitude 


Mercury 
nanometer 


Mercury 
nanometer 


Mercury 

manometer 


Pressure recorder 


Mercury nanometer 
and recording 
cage 


Mercury manometer 


Aircraft rate-of- 
cllmb indicator 
and altimeter 


Mercury manometer 


Loeatlon of altitude 
Indication 


Inside fuel 
tank 


Ir.tlde fuel 
tank 


Inside fuel 
tank 


Inalrio vent line, 

10 ft fron fuel tank 


Inside vent line, 
10 ft from fuel 
tank 


In surge tank, at 
end of vent line 


Inside fuel tank 


In surge tank, at 
end orvent line 


Method of determining 
fuel-vaporliatlon loaa 


Tank mounted 
on balance 


Tank mounted 
on balance 


Tank mounted 
on balance 


Change In volume in 
fuel tunk observed 
through glass Nindor/;* 
In taSk 


Tank mounted on 
balance 


Tank mounted on 
balance 


Volume measurement 
of amount of fuel 
condensed by con- 
denaer^operatlng 


Tank mounted on 
balanoe 


Mathod of controlling 
fuel temperature: 

System used 

Method of measuring 


External 
heating of 
flaak Sy 
eleotrlc 
heater 

Thermometer 
at bottoai of 
flask 


Circulating bet 
water(UO-120°F) 
through copper 
coils in 
cylinder 

Thermometer 
near bottom 
of cylinder 


External 
he'atlng of 
flask by 
electric 
heater 

Thermometer 
at bottom 
of flosk 


External hot-water 
heat exchanger , water 
circuleted by booster 
pump at 200 gal/hr 

Thermometer ft In. 
from bottom of tank 


Circulating hot 
water (40° F to 
200° F) through 
coils in fuel 
tank 

Thermocouples 
spaced 6, 12. 19. 
24, and 30 in. 
above bottom of 
tank 


Circulating fuel 
through coil Im- 
mersed in oil both 
at ISO 0 F 

Single thermocouple 
l£ In. from bottom 
center of fuel tank 


Circulating steam 
through coils In 
fuel tank 

Thermocouples in 
bottom and center 
or tank 


Fuel 'circulated by 
pump through a hot- 
water heat exchanger 
at 1200 lb/hr, rate 
of heating adjuated 
to l 5 F/mln 

Thermocouples in 
tank and In Inlet 
and outlet of heat 
exchanger 


Ambient- air- 
temperature control 


Heater uaed 

to maintain 
amblent-alr 
temperature 
at fuel tem- 
perature 


None 


Heater used 
to maintain 
amblent-alr 
temperature 
at fuel 
temperature 


Altitude chamber tem- 
perature maintained 
at 70° F 


None 


None 


None 


None 


Sample analysis: 

A.S.T.M. distillation 
Raid vapor pressure 


Yea 

Mo 


Yes 

No 


Yes 
No 


Yea 




Yes 
Yea 


Yes 
Yes 


Yea 
Yet 


Yea 

Yes 



TABLE n - PROCEDURES AND VARIABLES IN SIMULATED- PLIGHT FUEL- VAPOR- LOSS TEST5 



"^^Laborat or y — » 
Variable \ 


Boeing Aircraft Company 


Nash Engineering 
Company 


Ohio State 
University 


Pes co Products 
Company 


Pratt & 
Whitney 
Aircraft 


Thompson 
Produc ta . 
Inc. 




Preliminary 
setup 


Test setup 
No. 1 


Test setup 
No. 2 


1/3- 
and 


, 2/3-, 1-, 
2-ft depths, 


1- and 2-ft 


1- and 2-ft 
dftDfchs .. 


*10 to 
30 gal 


1- and 

2- ft deaths. 


Fuel quantity 


Approx . 
2 liters 


Approx . 
5 gal 


Approx . 
2 liters 


1- and 2.7-sq ft 
surface 

Approx. 2.6 to 
20.5 gal 


approx . 124 
and 248 lb 


approx. 135 
and 270 lb 


approx. 95 
and 190 lb 


Initial fuel 
temperature, °F 


110 
111 


107 
110 


60, 90, 100 
110, and 
120 


60, 

120 


80, 100, and 


60 80 100. 

and 120 


60. 80 100. 
and 120 


80, 100 
and 120 


ao loo 
and 120 


Simulated flight 
rate of climb, 
ft/min 


1000 


500, 1000, 

CvWUj aliU 

4000 


250, 500, 
luuu , ana 

2000 


2000 


and 4000 


4 000 


4000 




1000 


4000 


Altitude, ft 


40,000 


40,000 


40,000 


■ 


r l5,000 
25,000 
35,000 
50,000 

^65,000 


35,000 


35,000 


< 


'25,000 
30,000 
35,000 
40,000 


35,000 


Duration of 
flight, hr 


Climb only 


Climb only 


Climb only 




6 


8 


8 

S 




2 


8 


Agitation 


None 


None 


None 


1. None 

2. With booster 
pump 


1 . None 

2. With 
booster 
pump 


1 . None 

2. With 

booster 
pump 


1. None 

2. With 
booster 
pump 


1. None 

2. With 
booster 
pump 
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"Depending upon amount of loss anticipated'.' 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS. 




.8 1.2 1.6 2.0 2.4 

Decrease in Reld vapor pressure, lb/sq in. 



3.2 



Figure 1. - The variation of fuel-vapor loss with decrease in the Reld vapor pressure of 
the fuel. 
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Simula ted- flight time, min 

Figure 2. - Fuel-vapor loss plotted as a function of simulated-flight time. Rate of 
climb, 4000 feet per minute to 35,000-foot altitude, with this altitude maintained 
to end of test; initial fuel temperature, 120° F. 
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0 5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 

Pressure altitude, ft 
(a) Initial fuel temperature, 60° F. 

Figure 3. - Fuel-vapor loss plotted as a function of pressure altitude during the climb. 
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Pressure altitude, ft 

(b) Initial fuel temperature, 80° F. 

Figure 3. - Continued. Fuel-vapor loss plotted as a function of pressure altitude during 

the climb. 
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Pressure altitude, ft 

(c) Initial fuel temperature, 90° F. 

Figure 3. - Continued. Fuel-vapor loss plotted as a function of pressure altitude during 

the climb. 
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0 5.000 10,000 15,000 20,000 25,000 30,000 35.000 40,000 

Pressure altitude, ft 

(d) Initial fuel temperature, 100° F. 

gure 3. - Continued. Fuel-vapor loss plotted as a function of pressure altitude dur 

the climb. 
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Pressure altitude, ft 
(e) Initial fuel temperature, I 10° F. 

Figure 3. - Continued. Fuel-vapor loss plotted as a function of pressure altitude during 

the climb. b 
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Figure 3. - Concluded. Fuel-vapor loss plotted as a function of pressure altitude during, 

the climb. 
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5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 

Pressure altitude, ft 

Figure 4. - Fuel-vapor loss plotted as a function of pressure altitude dvring the 

climb for several initial fuel temperatures. (Replot of average curves from fig. 3.) 



0 A- 













! 

1 

_ _. i 












COM 


NAT 101 
WTTEE 


<al m 

FOR Al 


MSORY 
ERONAUT 


ICS 


























































































































V- 


/ 












[ 




















/ 
































/ 
































— 7* 

J- 


































































































/ 
























. 


— £*- 


—A — 


-J 


7 


t 

i 
1 























o 
r 



30,000 



50,000 60,000 



10,000 20,000 

Pressure altitude, ft 

Figure 5. -Fuel-vapor loss plotted as a function of pressure altitude during the ollab. 
Initial fuel temperature, 110° & . * 



N A C A MR No. E1U9 



NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 



It*, 000 



40,000 




£,000 



°20 5o §0 80 100 120 

Initial fuel temperature, °r 
Figure 6. - Critical pressure altitude plotted as a function of 
initial fuel temperature. (Data derired from figs. 4 and 5.) 




(a) 10 minutes after end of climb. 
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Figure 7. - Fuel-vapor loss plotted as a function of Initial fuel temperature with fuel 
unagltated. Climb to 35,000 feet with this altitude maintained to the end of the 
flight. iData points obtained by interpolating tabular data where necessary.) 
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Figure 7. - Continued. Fuel-vapor loss plotted as a function of initial fuel temperature 
with fuel unagitated. Climb to 35,000 feet with this altitude maintained to the end of 
the flight. (Data points obtained by interpolating tabular data where necessary.) 
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(c) 8 hours after end of climb. 
Figure 7. - Concluded. Fuel-vapor loss plotted as a function of initial fuel temperature 
with fuel unagitated. Climb to 35,0 00 feet with this altitude maintained to the end of 
the flight. (Data points obtained by interpolating tabular data where necessary.) 
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0 5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 

Pressure altitude, ft 

Figure 8. - Effect of rate of climb on fuel-vapor loss during the climb period of a 

simulated flight. (Data from Boeing tests.) 
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Initial fuel temperature, °F 
(a) 10 minutes after end of climb. 

Figure 9. - Fuel-vapor loss as a function of Initial fuel temperature with fuel aKltated 
by booster pump. Climb to J5.000 feet with this altitude maintained to end of test. 
(Data points obtained by Interpolating tabular data where necessary. ) 
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(b) I hour after end of climb. 

Figure 9. - Continued. Fuel-vapor loss as a function of initial fuel temperature with 
fuel agitated by booster pump. Climb to 35,000 feet with this • altitude maintained to 
end of test. (Data points obtained by interpolating tabular data where necessary.) 
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(c) 8 hours after end of climb. 

Figure 9. - Concluded. Fuel-vapor loss as a function of initial fuel temperature with 
fuel agitated by booster pump. Climb to 35,000 feet with this altitude maintained to 
end of test. (Data points obtained by interpolating tabular data where necessary.) 
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Figure 10. - The eTfect of agitation on fuel-vapor loss during simulated flight. 
Climb to 35,000 feet with this altitude maintained to end of test. (Replot 
of average curves from figs. 7 and 9.) 
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Figure 11. - Variation of fuel-vapor loss with fuel depth durlne simulate r n„w 
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(b) Thompson data. 

gure 12. - Concluded. Vent-line pressure differential plotted as a function of pressure 
altitude for several initial fuel temperatures. Rate of climb, 4000 feet per minute. 
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Figure 13, - Vent-line pressure differential plotted as a function of pressure altitude 
during simulated flights at several rates of climb obtained by Boeing. Initial fuel 
temperature, 110° T, 
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